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Abstract 


The chapter demonstrates a detailed study of Raman fiber laser (RFL)-based amplifica- 
tion techniques and their applications in long-haul/unrepeatered coherent transmission 
systems. RFL-based amplification techniques are investigated from signal/noise power 
distributions, relative intensity noise (RIN), and fiber laser mode structures. RFL-based 
amplification techniques can be divided into two categories according to the fiber laser 
generation mechanism: cavity Raman fiber laser with two fiber Bragg gratings (FBGs) 
and random distributed feedback (DFB) Raman fiber laser using one FBG. In addition, in 
cavity fiber laser-based amplification, reducing the reflectivity near the input helps miti- 
gate the signal RIN, thanks to the reduced efficiency of the Stokes shift from the second- 
order pump. To evaluate the transmission performance, different RFL-based amplifiers 
were optimized in long-haul coherent transmission systems. Cavity fiber laser-based 
amplifier introduces >4.15 dB Q factor penalty, because the signal RIN is transferred from 
the second-order pump. However, random DFB fiber laser-based amplifier prevents the 
RIN transfer and therefore enables bidirectional second-order pumping, which gives 
the longest transmission distance up to 7915 km. In addition, using random DFB laser- 
based amplification achieves the distance of >350 km single mode fiber in unrepeatered 
DP-QPSK transmission. 


Keywords: Raman amplification, Raman fiber laser, coherent transmission, random 
fiber laser, cavity fiber laser 


1. Introduction 


In this chapter, we focus on the novel Raman fiber laser (RFL)-based amplification techniques 
enabled by second-order pumping and fiber Bragg gratings (FBGs) at first-order pumping 
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wavelengths [1], which is different from the conventional first-order or dual-order pumping 
schemes [2-4]. In first-order distributed Raman amplification, the signal is amplified by mul- 
tiple first-order depolarized laser diodes to achieve flat gain profile. However, the signal gain 
can only occur near the fiber output, resulting in larger signal power profile and higher ampli- 
fier noise figure, which becomes the limiting factor of its performance in long-haul or unre- 
peatered transmission systems [2, 4]. In conventional dual-order Raman amplification, more 
uniform signal power distribution can be achieved, thanks to the Raman gain that occurs in 
the middle of the fiber. However, both first-order and second-order pump sources are also 
required. Particularly, to minimize the amplifier noise figure, the first-order pump power 
should be very small to enable higher second-order pump power, which requires multiple 
current and temperature controllers for the pump lasers [5]. Thus, the Raman fiber laser- 
based amplification reduces the high cost of dual-order pumping and improves the amplifier 
performance in comparison with first-order pumping, as it uses only second-order pumping 
with passive FBGs [1, 5]. 


In general, second-order RFL-based amplification is a distributed Raman amplification 
scheme, requiring depolarized second-order pumps (~1360 nm assuming the amplified signal 
is in C band, thanks to the two Stokes shift) and passive FBGs to generate first-order ultra- 
long Raman fiber laser when the transmission fiber is used as the gain medium. The induced 
Raman fiber laser together with the residual second-order pump is to amplify the signal in 
C and/or L band [6, 7]. However, due to different generation mechanisms of induced Raman 
fiber laser, there are two fiber laser regimes [8]. The first scheme is cavity fiber laser, in other 
words, Fabry-Perot cavity, where the transmission fiber between two end reflectors forms an 
ultra-long fiber laser cavity [9, 10]. This can be done with two high reflectivity FBGs or alter- 
natively an FBG with weak Fresnel reflection [11, 12]. Random distributed feedback (DFB) 
Raman fiber laser is the other laser regime [13]. This is generated because the lasing threshold 
is overcome in the cavity formed by a distributed feedback (fiber Rayleigh scattering) and 
high reflective FBG [5, 14, 15]. 


RFL-based amplification schemes have different impacts on the coherent transmission sys- 
tems, depending on the pumping schemes. Cavity fiber laser-based amplification can intro- 
duce a significant Q factor penalty, limiting the maximum reach to only 1500 km [2, 3, 8, 16], 
which means that that using forward (FW)-propagated pumping introduced a Q factor pen- 
alty, regardless of the reduction in the amplifier noise figure. However, random fiber laser- 
based amplification mitigates the signal relative intensity noise (RIN), reveals the benefit of 
the lower noise figure brought by FW-pumping, and effectively extends the maximum reach 
of the long-haul transmission system [5]. Such random fiber laser-based amplification tech- 
nique can be applied in unrepeatered transmission systems and achieve a record transmission 
distance of over 350 km standard single mode fiber (SSMF) using 22 x 100 Gbits DP-QPSK 
WDM transmitter [17]. 


RFL-based amplification techniques are characterized from different perspectives, including 
signal/noise power distributions, relative intensity noise (RIN), and the mode structures of 
fiber laser. These results help give a better understanding of RFL-based amplification and also 
support the long-haul and unrepeatered coherent transmission performances demonstrated 
in this chapter. 
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2. Raman fiber laser-based amplification 


2.1. Cavity Raman fiber laser amplification 
2.1.1. Experimental setup 


Figure 1 shows the schematic diagram of cavity fiber laser-based amplification using two 
FBGs. Two high reflectivity (>~95%) FBGs at 1455 nm with 3 dB bandwidths of ~0.5 nm were 
used at both ends of an 83 km SSMF. When the pump power of depolarized continuous wave 
second-order pumps at 1366 nm was high enough to overcome the lasing threshold, an ultra- 
long Fabry-Perot cavity (83 km was the cavity length) fiber laser was generated at 1455 nm 
[1, 5, 14, 15]. Therefore, the generated first-order fiber laser at 1455 nm and the second-order 
pump at 1366 nm amplified the signals in the C band [7]. 


The FW pump and BW pump powers used in the experiment were demonstrated in (Figure 2) 
and only used to compensate the ~16.5 dB loss from the 83.32 km fiber. The FW pump power 
ratio means the percentage of the FW pump power out of total pump power. 


2.1.2. Signal and noise power distributions along the fiber 


Signal power distributions along the transmission fiber with different pump powers were 
measured at 1545.32 nm using a modified optical time-domain reflectometer (OTDR) setup 
[6]. The OTDR instrument was used to monitor the signal power traces along the fiber. The 
built-in pulsed Fabry-Perot semiconductor laser at 1550 nm was transferred into the RF pulses 
which modulated an externally tunable laser through an acoustic optical modulator (AOM). 
The pulsed tunable laser was then transmitted into the fiber under test (Raman amplified), 
and the reflections were fed into the OTDR instrument. In this way, the signal power profile 
along the Raman-amplified fiber span was acquired. 


Figure 3 shows both the experimental (solid) and simulated (dotted) signal power profiles [8, 
18, 19]. The simulations use a set of equations to describe the power evolution [1]. The signal 
power profiles were the mutual effect of second-order pump power profiles at 1366 nm and 
first-order Raman fiber laser power profiles at 1455 nm [8]. For different pump-power combi- 
nations, signal power variation (SPV) was calculated as the difference between the maximum 
and minimum power value along the span, which was used as a metric to compare different 
pumping schemes. The lowest SPV of ~1.6 dB (+/-0.8 dB) over 83 km SSMF was done by 


83km SSMF 


WDM Signal 


FBG FBG 
at 1455nm at 1455nm 
1366nm 1366nm 
FW-pump A pair of FBGs at each end BW-pump 


Figure 1. Cavity fiber laser-based amplification with two FBGs. 
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FW-pump power (dBm) | BW-pump power (dBm) | FW-pump power ratio 


Figure 2. The pump power used in the cavity fiber laser-based amplification. 
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Figure 3. Measured (solid) and simulated (dotted) signal power distributions. 


bidirectional pumping with the similar pump powers from both directions. The SPV was 
increased to ~5.6 dB using BW-pumping only. This means that the second-order FW-pumping 
reduced the power variation and increased the average signal power relatively, so the noise 
figure of a distributed Raman amplifier was reduced [4]. Figure 4 shows the simulated noise 
power profiles. Compared with BW-pumping only, the noise power was decreased up to 
~4 dB using bidirectional pumping. Considering the ASE noise only, the more the FW pump 
power, the less the ASE noise (the lower the amplifier noise figure). However, when the dis- 
tributed Raman amplification is evaluated in the long-haul transmission system, the optimum 
signal launch power depends on the best trade-off between the ASE noise and the nonlinear- 
ity (if the RIN-induced penalty from the forward propagated pump is not taken into account). 
This means that the flat signal power profiles (the smallest power variation) are the key to 
achieve the best transmission performance using high-order symmetric bidirectional pump- 
ing instead of FW-pumping only [5]. 


2.1.3. Relative intensity noise 


Relative intensity noise (RIN) is essentially the intensity variations from the pump source [16]. 
As the process of the Raman gain is extremely fast, the noise from the pump can affect the 
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Figure 4. Simulated noise power distributions. 


signal. When the pump and the signal travel in the same directions (usually called FW-pumping 
or co-pumping), the pump noise is more likely to transfer to the signal [3, 16, 20]. When the 
pump and the signal travel in the reverse, as the pump noise is attenuated and averaged by 
the transmission fiber [3, 21], BW-pumping is more tolerant to the RIN. FW-pumping can 
improve the noise figure but increase the signal RIN at the same time. For long-haul transmis- 
sion, as the RIN is accumulated over the number of spans, the RIN penalty would be very 
severe. The schematic design of the RIN measurement is illustrated in [8]. The setup for the 
RIN measurement was based on an ultra-low-noise receiver and an electrical spectrum ana- 
lyzer (ESA) ranging from 1 up to 160 MHz. The measured RIN of the second-order pump at 
1366 nm is ~-120 dB/Hz, which is likely to be the lowest on the market for fiber laser-based 
pumps. The RIN of the output signal at 1545.32 nm was measured after one span from a CW 
low RIN (~-145 dB/Hz RIN) tunable laser source, and the FW-propagated Fabry-Perot fiber 


laser through a 5% splitter was measured. 


Figure 5 shows the measured signal RIN in cavity fiber laser-based amplifier using differ- 
ent pump power combinations. When the FW pump power ratio was increased to 46.4%, 
the signal RIN was 18 dB higher, compared with BW-pumping only. The RIN increase was 
9 dB using a 27.6% FW-pumping ratio. Figure 6 shows the RIN for the first-order-induced 
fiber laser. The fiber laser RIN was similar for all the pump powers used, except that the fiber 
laser RIN with BW-pumping only was lower within the range of below 40 MHz. Overall, 
there were significant differences in RIN between the BW-pumping scheme and all the other 


schemes using FW-pumping. 


2.1.4. Fiber laser mode structures 


Figure 7 shows the measured intra-cavity electrical spectra of the FW-propagated fiber laser 
at 1455 nm for different FW pump powers. Note that the traces in Figure 7 are deliberately 
offset to aid the comparison. It indicates that there were two different fiber lasing regimes. 
Using FW-pumping, a ~1.2 kHz mode spacing was acquired which corresponded to an 83 km 
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Figure 5. RIN of the output signal using different pump powers in cavity fiber laser-based amplification technique. 
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Figure 6. RIN of the induced fiber laser using different pump powers in cavity fiber laser-based amplification technique. 


Fabry-Perot cavity. This mode spacing did not depend on the FW pump power used, because 
it was determined by the cavity length and the refractive index [10], as demonstrated in 
Eq. (1). Av is the mode spacing, c is the speed of the light, n is the fiber refractive index, and L 
is the length of the cavity. 


<3. 16 
Av = nL (1) 
No mode structure (“modeless” fiber laser) can be seen in BW-pumping only. This was 
because although a high reflectivity FBG was placed on one side of the cavity, distributed 
fiber Rayleigh scattering formed on the other side of the cavity, which generated a half-open 
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Figure 7. Mode structures of the induced fiber laser using different pump powers in cavity fiber laser-based amplification 
technique. 


fiber laser cavity [15, 22]. Thus, the cavity length of this fiber laser was not fixed due to the 
randomly distributed Rayleigh backscattering from the fiber [22]. Overall, these results show 
that with closed cavity with two FBGs, a random DFB fiber laser can be still achieved, which 
is different from the usual Fabry-Perot fiber laser with bidirectional pumping. 


Figure 7 shows that in the fiber span of 83 km, using bidirectional pumping forms a Fabry- 
Perot cavity fiber laser. On the other hand, using BW-pumping only forms a random DFB 
fiber laser. However, when the fiber in between FBGs is too long (i.e. >270 km) [10], even with 
bidirectional pumping, the induced fiber laser is still random DFB fiber laser. This is because 
due to the high fiber attenuation, the pumps are “isolated” from each other, not powerful 
enough to reach the FBG on the other side. Instead, similar to the BW-pumping only over 
83 km, the fiber Rayleigh backscattering reflects the pump and therefore generates a random 
fiber laser. Using bidirectional pumping over a very long fiber span generates two separate 
random fiber lasers at the input and the output [17]. This can be used in unrepeatered trans- 
mission systems. 


2.2. Random distributed feedback Raman fiber laser-based amplification 
2.2.1. Experimental setup 


The reflectivity near the input section was close to zero (measured result of 0.04%), achieved 
by replacing it with an angled connector instead. The schematic diagram of such an amplifier 
is illustrated in Figure 8. The FW pump and BW pump powers are demonstrated in Figure 9. 
Note that the pump powers were only to compensate the loss of 83 km SSMF. 


2.2.2. Signal and noise power distributions along the fiber 


The signal and noise power distributions along the fiber were shown experimentally (solid 
line) and theoretically (dotted line) in Figure 10 [5]. Using the BW-pumping only, the SPV was 
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83km SSMF 
Single FBG 


WDM WDM. Signal 


FBG 
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Figure 8. Random fiber laser-based amplification with one FBG. 
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Figure 9. The pump power used in random fiber laser-based amplification. 
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Figure 10. Measured (solid) and simulated (dotted) signal (a) and noise power profiles (b) using random fiber laser- 
based amplification scheme. 


the highest (~6 dB). Using 45.6 or 39.7% FW-pumping ratios, the lowest SPV was reduced to 
just below 4 dB. However, for the FW pump power ratio of 45.6%, a rapid power increase was 
seen within the first 10 km near the input end. This was particularly undesired for long-haul 
transmission systems because this was limited to the maximum signal launch power in order 
to avoid the Kerr nonlinear impairment [23]. 


In addition, random DFB fiber laser-based amplification is a good candidate for long-haul trans- 
mission system using mid-link optical phase conjugation (OPC) to combat the nonlinearity, 
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Figure 11. Signal RIN using different pump powers in random fiber laser-based amplification technique. 


given the good signal power symmetry of the link [24, 25]. As illustrated in [24], more than 
97% symmetry level can be achieved using this amplification technique over 62 km SMF. There 
are several generation mechanisms of random DFB fiber lasers, but here only the half-opened 
mechanism is discussed due to the highest Raman gain efficiency [26]. 


2.2.3. Relative intensity noise 


The RIN of the signal at the output end was shown in Figure 11. The signal RIN remained the 
same with the FW pump power over the whole frequency range. This means that the trans- 
mission performance can only depend on the balance between the ASE noise and nonlinearity 
without the RIN-induced penalty being considered [23]. 
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Figure 12. Mode structures of the induced fiber laser using different pump powers in random fiber laser-based 
amplification technique. 
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2.2.4. Fiber laser mode structure 


Figure 12 shows the mode structure of induced fiber laser with different pump powers. No 
mode was observed using BW-pumping only or bidirectional pumping, which confirms that 
it was random DFB fiber laser [8, 15]. The fiber laser was generated due to the resonant mode 
overcoming the lasing threshold in a distributed cavity formed by the fiber Rayleigh scatter- 
ing and an FBG. 


3. Raman fiber laser-based amplification in telecommunications 


3.1. The application in long-haul coherent transmission system 


To evaluate different RFL-based amplification schemes, a long-haul recirculating loop 
experiment was conducted using the setup demonstrated in Figure 13. The test signals con- 
sisted of 10,120 Gb/s DP-QPSK channels with 100 GHz spacing, while a 100 kHz linewidth 
tunable laser was used as the “channel under test.” The multiplexed signals were QPSK 
modulated with normal and inverse 2°'-1 PRBS patterns at 30 Gb/s with a relative delay of 
18 bits between I (in-phase) and Q (quadrature). A polarization multiplexer with a delay of 
300 bits between the two polarization states gave the resultant 10 x 120 Gb/s DP-QPSK sig- 
nals [24]. The transmission span in the recirculating loop was 17.6 dB loss in total, including 
16.5 dB from 83.32 km SSMF and 1.1 dB from pump-signal combiners. The loop specific 
loss was ~12 dB from the AOM, 3 dB coupler, gain flattening filter (GFF), and the passive 
components from the Raman amplified span. An EDFA was used to compensate the loop 
loss. The receiver was a standard coherent detection setup and digital signal processing 
(DSP) was used offline with standard algorithms. Q factors were calculated from bit-wise 
error rates. 
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Figure 13. Schematic diagram of long-haul repeatered transmission systems. 
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As cavity fiber laser-based amplification in Figure 1 was used in the long-haul transmis- 
sion, as shown in Figure 14(a); the Q factor at 1666 km was 13.1 dB (BW-pumping only) 
but decreased to 9 dB (symmetric bidirectional pumping). Using higher FW pump power 
reduced the Q factor due to the RIN penalty, regardless of the noise figure reduction [8]. 
The optimum launch power was reduced when the FW pump power was increased. This 
was because the flatter signal power profile resulted in a higher averaged signal power and 
therefore the optimum signal launch power was decreased to avoid the Kerr nonlinearity. The 
degradation in Q factor occurred in all the launch power levels, which indicates that it was 
not because of the nonlinearity. However, in random fiber laser-based amplification scheme 
(Figure 8) as the FBG near the input was removed, the Q factor at 3333 km (Figure 14(b)) with 
FW pump power ratio of 33% was 0.6 dB better than BW-pumping only, and even using ~50% 
FW pump power ratio had a similar Q factor to BW-pumping only. This means that using this 
scheme, the RIN penalty introduced by FW-pumping was minimized, which indicates that 
the uniform signal power distribution led to effective performance improvement in long-haul 
transmission systems. 


Figure 15 shows the Q factors versus transmission distances using both the amplification 
schemes. Using random fiber laser-based amplification had similar or better transmission 
performance (up to 7915 km maximum reach) than the BW-pumping-only scheme, but 
using cavity fiber laser-based scheme had a significant penalty. An important application of 
this RIN penalty-free random fiber laser-based amplification scheme was in the nonlinear- 
ity mitigation using mid-link OPC because using the scheme had a very symmetrical signal 
power profile and could maximize the benefit of nonlinearity compensation using mid-link 
OPC. The details of this work can be found in [24, 25]. 


3.2. The application in unrepeatered coherent transmission system 


In unrepeatered transmissions, distributed Raman amplification offers enhanced noise perfor- 
mance leading to higher OSNR, compared with EDFA [16, 27]. By using higher order distributed 
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Figure 14. (a) Q factors versus signal launch power using cavity fiber laser-based amplification and (b) Q factors versus 
signal launch power using random fiber laser-based amplification. 
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Figure 15. Q factors versus signal launch power using BW-pumping only, cavity fiber laser-based amplification scheme, 
and random fiber laser-based amplification scheme. 


Raman amplifications, the signal power variation can be reduced leading to highly uniform sig- 
nal power profiles, better trade-offs between ASE noise and nonlinearity, and better transmis- 
sion performance. Here, based on the RFL-based amplification, the transmission performance 
using 100G DP-QPSK WDM signals over 352.8 km SMF has been shown without using remote 
optically pumped amplifier (ROPA) or any specialty fiber [17]. 


Figure 16 shows the schematic diagram of the unrepeatered transmission system using 
DP-QPSK WDM signals and random fiber laser-based amplification technique. An impor- 
tant difference of RFL-based amplifier in unrepeatered and repeatered systems is that due 
to the fiber length of the unrepeatered system (i.e. 300 km), the generated Raman fiber laser 
at 1455 nm was actually two separate random DFB fiber lasers located near each side of the 
span and had no interaction with each other [5, 17]. Figure 17(a) shows the Q factor versus 
signal launch power per channel, and Figure 17(b) shows the Q factors of all the measured 
channels at 327.6 and 352.8 km. At 327.6 km, the maximum number of channels was limited to 
the number of lasers we had. At 352.8 km, 14 channels were transmitted at the FEC threshold 
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Figure 16. A schematic diagram of random fiber laser-based amplification scheme in unrepeatered transmission. 
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Figure 17. (a) Q factors versus launch power per channel at 327.6 and 352.8 km and (b) Q factors of all the measured 
channels at 327.6 and 352.8 km. 


of 6.4 dB. This was achieved without ROPA and low-loss fiber, which indicates that our pro- 
posed setup can be used to readily upgrade the existing SSMF legacy link without the instal- 
lation of the new fiber. In addition, our proposed setup is compatible with ROPA by adding 
the seed pump at 1480 nm, which can simultaneously improve the transmission distance and 
the amplification bandwidth [28-30]. 


4. Conclusion 


In conclusion, Raman fiber laser-based amplification techniques have been characterized as 
standalone amplifiers, and its performances have been analyzed and optimized in long-haul 
repeatered and unrepeatered coherent transmission systems. Based on random DFB fiber 
laser-based Raman amplification, the signal RIN can be successfully mitigated, and bidirec- 
tional second-order pumping would not suffer from the RIN penalty. Thus, it provides the 
best trade-off between ASE noise and nonlinearity and therefore offers the best transmission 
performance. The scheme is highly flexible and the signal power distributions can be adjusted 
to meet specific link requirements. This scheme is potentially to be highly effective to com- 
pensate the nonlinear impairment and enhance the transmission distance using different non- 
linearity compensation techniques, that is, mid-link optical phase conjugation and nonlinear 
Fourier transform-based transmitter. 
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